Background: Age-related mobility limitations are debilitating and common. Cerebral white matter hyperintensities (WMH) and conditions affecting other systems are known contributors, but have been studied in isolation. Methods: In 2,703 adults aged 65 years or older, we assessed cross-sectional and longitudinal gait speed and mobility disability (self-reported difficulty walking half mile) in those with and without high burden of MRI-defined WMH along with six other conditions (OCs) affecting mobility: gender-specific weak grip; poor self-reported vision; gender-specific lowest quartile of forced vital capacity; self-reported joint pain; ankle-arm index less than 0.9; and body mass index (BMI) greater than 30 kg/m 2 . Separate regression models adjusted for age, gender, and race were repeated for each OC and based on a 4-level predictor: −WMH/−OC; −WMH/+OC; +WMH/−OC; and +WMH/+OC. Results: Gait speed was fastest in those with −WMH/−OC and slowest for those with +WMH/+OC. Gait speed was similar for either WMH or one of the OC (p range: .07-.9), except for BMI. Those with a high BMI had slower gait speed than those with WMH (p = .01). Declines in gait speed over 6 years were similar for all groups. Results for both prevalent and incident mobility disability showed that associations for WMH and OC were similar for weak grip, poor vision, and low forced vital capacity (p range: .1-.7). Having joint pain, low ankle-arm index, or high BMI was associated with higher prevalent and incident mobility disability compared with having WMH (p range: <.001-.02). Conclusions: Cerebral WMH should be considered along with conditions affecting mobility from other systems when considering risk and treatment for mobility limitations.
Mobility limitations affect between one quarter and one half of community-dwelling older adults (1, 2) and are important public health targets (1) . Mobility limitations are associated with poor health, reduced quality of life, and earlier mortality (2, 3) . However, the success of clinical interventions to maintain or improve mobility has been modest, most likely because the specific causes of age-related mobility limitations are often unclear.
Although the central nervous system is an important contributor to coordination, balance, and mobility control, research and practice have traditionally focused on neurological diseases rather than on subclinical age-related abnormalities. White matter hyperintensities (WMH) observed on magnetic resonance imaging (MRI) are associated with mobility impairment in older adults (4) , even without overt neurologic disease. WMH in older adults comprise a mix of inflammatory and vascular pathology and are a marker of cerebral small vessel disease (5) . Although progression of WMH may be modifiable (5-7), their contribution is rarely considered along with other treatable contributors to mobility limitations (4) . Other contributors may be confounders of the WMH-mobility association. Alternatively, a synergistic interaction may exist such that the effects of WMH are worse in those who also have other contributors.
Our understanding of the underlying mechanisms is complicated by the fact that age-related mobility limitations typically have contributors from multiple domains (8, 9) . These contributors include weak muscles (10) , poor vision (11) , low lung function (12), joint pain (13) , poor peripheral vasculature (14) , and obesity (15) , as well as WMH (16) . Further, aging affects multiple domains simultaneously; older adults rarely have isolated impairments. However, our methods often do not account for multiple contributors but focus on a single domain, only considering others as confounders. Here, we aim to more carefully describe the contribution of WMH to mobility function and disability by quantifying the role of WMH in combination with other conditions (OCs) on gait speed and mobility disability in a cohort of community-dwelling older adults.
Methods

Study Participants
Participants were from the Cardiovascular Health Study, a community-based study of 5,888 adults aged 65 years or older in four regions of the United States (17) . Recruitment from Medicare eligibility lists and age-eligible household members was conducted in 1989/1990 with minority supplement in 1992/1993. Participants were eligible if they had no active cancer, were not wheelchair-or bedbound, and did not plan to move within 3 years (17) . Participants received MRI between 1991 and 1994 if they had no exclusions (eg, metal implants and pacemakers) and agreed. The analytic sample included 2,703 participants with complete data for MRI, all OCs, and mobility. Those included in the analytic sample, compared with those excluded, were younger, had faster gait speed, and were less likely to have mobility disability, stroke, obesity, low ankle-arm index (AAI), and weak grip (all p < .001). Gender, race, joint pain, and poor vision were similar for included and excluded participants (all p > .05). Among those with MRI data but missing other data, included had higher WMH compared with excluded participants (p < .001).
Institutional review board approval was obtained from all sites, and all participants provided written informed consent.
Mobility
Mobility was defined as both an objective functional limitation and a subjectively reported disability, following the disablement model (18) . Gait speed was assessed over a 15-foot (4.57 m) course at usual speed and reported in meters per second (m/s). Mobility disability was self-reported difficulty in walking half mile (0.80 km). Both were collected at six annual follow-up visits.
White Matter Hyperintensities
Cranial MRI was obtained on 1.5-T (three centers) or 0.35-T (one center) scanners by standard protocol with interpretation at a central reading center. Details are previously published (19) . WMH were visually graded from 0 (least) to 9 (most). White matter grade of 3 or more defined presence of WMH (16) .
Other Conditions
Six OCs were included that are known mobility contributors and for which data were available. Clinical cutpoints were used where available. Weak grip was defined by gender-specific cutoffs of less than 16 kg for women and less than 26 kg for men (20) . Vision problems were self-reported being unable to see sufficiently to drive, watch TV, or recognize someone across a room with or without glasses. Lung function was measured by forced vital capacity (FVC) with low FVC defined as being in the worst gender-specific quartile: women less than 2.01 L and men less than 3.00 L (8) . Joint pain was selfreported as any pain in the feet, knees, hips, or back. Peripheral vascular impairments were defined by an AAI less than 0.9 (21) . Obesity was a body mass index (BMI) greater than 30 kg/m 2 .
Covariates
Age, gender, and race were self-reported. Height was measured using standard procedures. Smoking status was never, former, or current. Diabetes, coronary heart disease (CHD), hypertension, and stroke were defined or centrally adjudicated as described elsewhere (22) . Use of Parkinson's medications was from a complete medication inventory (23) . The Modified Mini-Mental State (3MS) scores less than 80 indicated likely cognitive impairment (24) . The Digit Symbol Substitution Test (DSST) measures processing speed with higher scores indicating faster speed (25) . A modified version of the Centers for Epidemiologic Studies Depression (CES-D) scale was administered with scores greater than 10 indicating likely depression (26) . Recurrent fallers were those with two or more self-reported falls in the past year.
Statistical Analysis
Descriptive comparisons used chi-square statistics and t tests. For each of the six OCs, a four-level variable was created: no WMH or OC, only the OC, only WMH, or both WMH and the OC. Separate regression models (six total, one per condition) assessed the association of this four-level variable with gait speed or mobility disability, both cross-sectionally and longitudinally. All analyses were adjusted for age, gender, and race. Supplemental analyses adjusted for additional covariates described earlier.
Mixed effects models with random intercepts and slopes estimated baseline gait speed and change over 6 years for WMH and OCs after adjustment. Interaction terms for time with gender and age and a time squared term were included. Estimates and 95% confidence intervals (CIs) are presented for white women of mean age of 74 years; results were similar for other demographic groups.
Logistic regression models estimated the proportion with mobility disability at baseline after adjustment. Estimates and 95% CI are presented for white women of mean age of 74 years; results were similar for other demographic groups. Cox proportional hazard models with discrete times assessed hazard ratios of newly reported mobility disability by WMH and OCs after adjustment in those free of mobility disability at baseline (n = 2,234). Death and loss-to-followup were treated as censored non-events.
Interactions were tested between WMH and each of the OCs for both outcomes; no synergistic interactions were present and were not included in final models. Sensitivity analyses excluded those with stroke or taking Parkinson's medication at baseline. SAS version 9.4 was used.
Results
The sample had a mean age of 74 years (SD = 4.8) and was 56.3% female and 84.7% white (Table 1) . WMH were present in 880 (32.6%) participants. At baseline, mean gait speed was 0.93 m/s (SD = 0.22) and 469 (17.4%) participants reported mobility disability. Prevalence of conditions and co-occurrence with WMH are shown in Table 2 . Among those with any of the OCs, most had only one (n = 979; 53.2%) or two (n = 601; 32.7%). The mean number of OCs was slightly higher for those with WMH (1.3, SD = 1.1) than for those without (1.1, SD = 1.0; p < .001). All OCs were more common in those with WMH than in those without, except for joint pain and obesity (Table 2) . Of those with mobility disability, only 25 (5.3%) had no OCs or WMH.
At baseline and after adjustment for age, gender, race, and all six OCs, those with WMH compared with those without had significantly slower gait speed (mean difference (95% CI): −0.03 m/s (−0.05, −0.01)) and greater proportion with mobility disability (mean difference (95% CI): 0.06 (0.03, 0.09)). Among those with none of the OCs (n = 864) and after adjustment for age, gender, and race, those with WMH compared with those without had significantly slower gait speed (mean difference (95% CI): −0.06 m/s (−0.08, −0.03)) and greater proportion with mobility disability (mean difference (95% CI): 0.05 (0.01, 0.08)).
Gait Speed
Estimated gait speed by WMH and each of the OCs adjusted for age, gender, and race are shown in Figure 1 . For each condition, those without WMH or the OC walked fastest, while those with both walked slowest (Figure 1 Note: AAI = ankle-arm index; BMI = body mass index; FVC = forced vital capacity; WMH = white matter hyperintensities. high BMI walked more slowly than those with only WMH (mean difference = 0.03 m/s, p = .01).
Having WMH was significantly or nearly significantly related to faster slowing of gait speed over 6 years compared with those with neither WMH nor the OC (Supplementary Table 1 ; p range: .03-.1). Low FVC (p = .04) or low AAI (p = .05) were significantly related to faster slowing while high BMI was marginally related (p = .07). Weak grip, poor vision, and joint pain were not significantly associated with gait slowing (p range: .2-.7).
Analyses adjusted for diabetes, CHD, hypertension, stroke, smoking status, and height were attenuated but qualitatively similar (Supplementary Table 2 ). Results were unchanged when removing participants with stroke or using Parkinson's medications at baseline or when adjusting for cognitive status, fall history, and depressive symptoms (data not shown).
Mobility Disability
At baseline, the proportion with mobility disability was lowest in those without WMH or OCs and was highest in those with both ( Figure 2) . Compared with those with neither WMH nor OCs, the proportion with mobility disability was higher for those with either WMH (all p ≤ .005) or the OC (p ≤ .001), except for poor vision (p = .2) and weak grip (p = 0.3). For low FVC, weak grip, and poor vision, the proportion with mobility disability did not differ between those having only WMH or only the OC (all p > .1; Figure 2 ). For high BMI, low AAI, and joint pain, those with only the OC were more likely to have mobility disability than those with only WMH (all p < .006; Figure 2 ).
In those free of mobility disability at baseline, longitudinal results from Cox models were similar to the cross-sectional results (Table 3) . Having only WMH or only the OC, except vision, was associated with a significantly increased hazard of mobility disability compared with having neither. A similar hazard ratio was observed for WMH as for weak grip, poor vision, and low FVC (p range: .1-.5). Joint pain, low AAI, and high BMI were each associated with a higher hazard ratio of developing mobility disability compared with WMH (p range: .0006-.02; Table 3 ).
Both cross-sectional and longitudinal results were attenuated but qualitatively similar after adjustment for diabetes, CHD, hypertension, stroke, smoking status, and height (Supplementary Tables 3  and 4) . Results were unchanged when removing participants with stroke or using Parkinson's medications at baseline or when adjusting for cognitive status, fall history, and depressive symptoms (data not shown).
Discussion
In this sample of community-dwelling older adults, WMH were related to slow gait speed and mobility disability, both cross-sectionally and longitudinally, to a similar extent as other well-established contributors to mobility. Moreover, coexistence of WMH with OCs was common. Gait speed and mobility disability were worst for participants with both WMH and another condition, though no synergistic interactions were observed. Cross-sectional and longitudinal findings for mobility disability were similar to one another. However, most of the effect for gait speed was observed at baseline and not longitudinally. This suggests that a trajectory of gait speed decline was already in place when we assessed mobility contributors. Possibly if we had assessed incident mobility contributors, we could have observed onset of this trajectory. These results indicate that WMH, either in isolation or in the presence of OCs, should not be overlooked in the understanding and treatment of mobility problems. The assessment of WMH is often absent from mobility research and practice and is rarely considered concurrently with other contributors (4) .
Previous studies have reported associations between WMH and mobility limitations (4). However, this association has not been carefully assessed in relation to other age-related contributors. WMH are indicative of damage to white matter tracts that are essential for coordination of sensory processing and motor control during walking (27) . WMH also disrupts tracts involved in executive function (28), a known cognitive correlate of mobility (29) . Despite the plausibility of a causal association between WMH and mobility limitations, existing studies have been limited by not accounting for other age-related co-occurring contributors that could be confounders. We show here that the association of WMH with mobility is independent of many of these other contributors. However, having both WMH and another condition was no worse than expected from the sum of their individual associations. Age-related mobility limitations are typically of multifactorial origin (9). Our results highlight the need for an integrated approach that considers specific conditions in the context of other co-occurring conditions to fully understand and effectively treat mobility impairments.
These results have important implications for the management of mobility problems. First, evaluations should include indicators of WMH along with more traditionally assessed contributors and overt neurologic diseases. For a complex problem like mobility limitations, independent impairments in separate systems can have a relatively similar impact. By ignoring some systems, we may be underestimating the risk for mobility limitations. Second, common contributors to age-associated mobility limitations often co-occur. Therefore, clinical interventions will likely have greater impact if they account for impairments in multiple systems, including WMH (30, 31) . In our findings, high BMI and low AAI had the strongest associations with mobility. However, having WMH in the absence of high BMI or low AAI still resulted in poorer mobility, suggesting that addressing BMI or AAI alone would have limited effectiveness.
We observed similar results for the two mobility outcomes, measured gait speed and self-reported mobility disability. However, weak grip and poor vision may contribute more to gait speed and less to mobility disability whereas, low AAI, joint pain, and high BMI may be particularly important for mobility disability. Two important differences may explain these findings. First, mobility disability is selfreported and may reflect perception as much as ability (32) . Second, gait speed is measured over a short distance (15 feet) whereas mobility disability is for a longer distance (half mile). Likely, some conditions have greater impacts on walking over longer distances than shorter ones.
These analyses utilized a well-characterized, representative cohort of older adults with many relevant measures. This allowed us to calculate precise estimates of mobility both cross-sectionally and longitudinally, which are likely generalizable to the communitydwelling older population. However, not all relevant measures were available, most notably peripheral nerve function. For each analysis, the group without WMH or the OC may have had one of the other contributors. However, only 14.1% of participants had more than two conditions. To simplify results, we considered all mobility contributors as dichotomous, which did not allow for assessment of severity. We used clinical cutpoints where available, but for many conditions, including WMH, these are not established. We also utilized a self-report measure of mobility disability which could introduce misclassification. Given the descriptive nature of these analyses, we did not account for multiple comparisons; however, our primary findings were that there were not significant differences between having WMH or another condition. Finally, MRI imaging in this study used older methodology, possibly reducing precision of WMH assessment. However, reduced precision in our predictor should result in reduced ability to detect associations. Thus, we may be underestimating the associations of WMH with mobility limitations.
Although treatments to reduce WMH do not yet exist, progression of WMH may be delayed with control of cardiovascular risk factors (5, 6) . Further research is needed to develop interventions that treat WMH. Effects of WMH on mobility may also be alleviated through specific rehabilitation strategies, including those that incorporate motor skill learning and cognitive training (31, 33, 34) . Ultimately, addressing WMH along with other contributors may lead to more effective interventions to promote and preserve mobility in older adults.
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Supplementary data are available at The Journals of Gerontology, Series A: Biological Sciences and Medical Sciences online.
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